This paper examines the thermal performance of 20 different mortar mixes, which were prepared in order to study the behaviour of mortar incorporating Phase Change Materials (PCM). The PCM was used at a rate of 10, 20 and 30% by weight of total solid materials. Silica fume was added to the mixes by 10, 20, 30 and 50% by weight of cement to enhance the mortar properties. Mortars which incorporate phase-change materials (PCM) have the capability to help regulate the temperature inside buildings, contributing to the thermal comfort while decreasing the amount of mechanical heating and cooling energy required, therefore they have the potential to reduce building carbon emissions. The mechanical characteristics and physical properties of the mortar with PCM were studied. The results show that mortar with Phase Change Materials up to PCM20% can be used with an optimal compressive strength. Silica fume (SF), up to a 20% SF addition, enhanced the mechanical properties of the mortar.
INTRODUCTION
Studies have been undertaken to investigate the potential benefit of incorporating PCM into various construction products. PCM can be used in solutions for walls, floors and ceilings either embedded with the plaster, plasterboard, render or placed in sealed packages above suspended ceilings. Their application takes advantage of the very significant amounts of thermal energy that these materials absorb as they melt and later release as they solidify. The melting, or transition, temperature is normally chosen to be approximately two degrees higher than the design air temperature of the room. As the space starts to become warmer than ideal (but not too hot) the PCM begins to melt and in doing so draws heat from the room thus helping the occupants remain more comfortable. Traditionally this goal has been achieved using concrete soffits to provide a high thermal mass, but PCM offers the potential to create a high thermal mass with similar benefits using much less material. There are several authors who have investigated constructive solutions, with the incorporation of PCM in floors. These solutions are varied, such as electric under floor heating systems incorporating polyethylene plates impregnated with PCM, incorporation of PCM in the concrete floor slab and the application of two types of PCM with different transition temperatures [1] [2] [3] [4] . Silica fume (SF) is a very fine (typically less than one micrometre in diameter) industrial by-product used as a supplementary cementitious material to offer numerous benefits when included in concrete or mortar, including increased compressive and flexural strength (Siddique and Chahal 2011). SF used in combination with PCM can partially compensate for the reduction in these two physical parameters caused by adding PCM into the mortar mix.
This paper examines the incorporation of PCM in the construction process including the materials that constitute the fabric of buildings. PCM can be used in a range of structural components wherever swings in temperature need to be moderated, such as in the mortar to bed the brick or blockwork. However, PCM is most effective when used near the inner surface facing into the room, such as when mixed into a render or plaster. Siddique and Chahal [5] state that the addition of Silica Fume is beneficial in this application as it improves the mortars surface adhesion, however, care is needed as Appa Rao [6] confirms that a slight increase in the shrinkage rate is a consequence of adding SF.
Studies have been undertaken in order to investigate the thermal response of the building envelope to achieve a reduction in building energy demand. Internal temperature fluctuations can be minimised by designing high thermal mass into materials that constitute the building envelope [7] [8] [9] . Aste et al. 2009 [10] states that the implementation of walls with high thermal inertia reduces the energy requirements of heating and cooling systems, achieving a reduction of 10% in heating demand and 20% in cooling demand. This increase of the thermal mass can be enhanced by the addition of phase change materials (PCM). Izquierdo-Barrientos et al. [11] studied the optimal parameters to minimize the energy demand of a building due to heat transfer through the walls. They present a numerical simulation (6 days' winter and 6 days' summer) of a typical Spanish outer wall with a PCM layer where the orientation of the wall, the position of the PCM and the transition temperature were varied. The author concluded that the optimum transition temperature to minimise the thermal loads is dependent upon the orientation of the wall, the period of the year when the peak load reduction is desired and also the position of the PCM within the wall. Another study of building bricks containing PCM within their internal cylindrical holes has been carried out by Alawadhi et al. 2008 [12] . The results indicate a reduction of 17.5% of the heat flux at the indoor space when all three holes contain PCM and are placed at the centre line of the brick. Also, the proper location of the PCM inside the wall covered by a 12.7 mm gypsum wallboard, five foam insulating layers, and a 20.5 mm oriented strand board (OSB), has been evaluated using a dynamic wall simulator [13] . The results show an optimal location of 1/5L (L, is the width of the wall) from the internal surface of gypsum. The peak heat flux was reduced by 41% in this location, and the peak was shifted by approximately 2 hours. Furthermore, by using microencapsulated PCM the heat transfer area was increased, PCMs reactivity towards the exterior environment was reduced, and volume changes were controlled when the phase change occurs. The most common studies are carried out at a macro-scale, by numerical simulations, within a laboratory or at micro-scale to verify the improvement of microencapsulated PCM in the building envelope [14] [15] [16] [17] [18] [19] .
The thermal behaviour of PCM enhanced mortar is very important; however, the estimation of the mechanical properties is vital to facilitate the wider uptake of such mortars within the construction industry. Data about the thermal and mechanical properties of mortars incorporating varying proportions of PCM with silica fume was one of the main gaps found within the published literature following an extensive literature review. Thus, the objective of this work was to design an experimental test programme to determine the physical and mechanical properties of mortars incorporating a range of combinations of PCM and silica fume and to identify optimal combinations to maximise the properties.
Twenty mortars, based on different PCM and silica fume percentages, were designed and prepared for laboratory testing. The following physical and mechanical properties were evaluated: bulk density, solid density, water absorption, pore volume, thermal conductivity, microstructure, compressive strength, flexural strength and tensile strength.
METHODOLOGY
The experimental test program was planned to achieve the research objective of this study as outlined in Section 1. The experimental work consisted of 20 mixes (comprised of 4 groups) of different mortars and each batch contained PCM incorporated at 0, 10, 20 and 30%. The PCM was batched by replacement of the total solids of the mix with each percentage of PCM, and each group contained 5 mixes with different SF% additions of 0, 10, 20, 30 and 50%. The control standard mortar (C100-SF0-PCM0) incorporated no PCM or silica fume. The fresh mortar of all mixes was mixed to the same consistency (measured with a flow test) using a superplasticizer addition for each group. In this research, two phases were studied, and these were the physical properties (bulk density, water absorption, voids volume, thermal characteristics and microstructures) and the mechanical properties (compressive, flexural and indirect tensile strength).
Specimens
The specimens used in this research were standard prisms of mortar (40x40x160 mm) and were batched in the laboratories at Northumbria University in accordance to the British Standard EN 1015-11:1999 [20] for both the compressive and flexural strength tests. Additionally, cubes of dimensions 100x100x100 mm were prepared for the indirect tensile strength test.
Materials and batching
The aggregate size used within this test programme was not greater than 2 mm for batching purposes and the test procedures employed were in accordance with BS EN 1015-1:1999 [21] and BS EN 1015-2:1999 [22] . The binder was composed of Portland cement 52.5N CEM I, to BS EN 197.1:2011 [23] and Elkem Microsilica grade 940 was used at varying percentage additions. Table 1 displays the chemical and physical properties of the composition of Elkem Microsilica. To minimise the water content (W) Sika ViscoCrete 35RM high-performance superplasticizer (SP) was used at 0.6-1.5% by weight of cement).
The Phase Change Material PCM used in this research was Microencapsulated phase change material (MPCM 24-D). This PCM is supplied as very small bi-component particles, powder like in appearance with a mean size of 17-20 microns, consisting of PCM as the core material encapsulated in a polymer outer shell. PCMs have melt points (transition temperatures) in the range of -30°C to 55°C, and these can absorb and release large amounts of heat during the phase change process. Table 2 shows the properties of MPCM 24-D.
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Volume 12, Number 2 Thermal Cycling Multiple Table 3 shows the mix proportions of the mortar by weight and how the different samples are referenced to clearly display the mix proportions, simply from the mix ID. The mortar mixtures were cast into standard moulds (40x40x160 mm) made of polystyrene with lids and 100 mm cubic polystyrene moulds (for testing indirect tensile strength) and all were manually compacted. The surfaces of the samples were covered with a low-density polyethylene cover over the polystyrene set moulds (3 specimens in each set) to prevent water evaporation during the initial curing. All specimens were stripped from the moulds after 24 hours and cured in water at 20°C for 28 days.
Thermal conductivity
A steady-state heat transfer test, illustrated in Figure 1 and based on the unguarded hot plate method, was used to calculate the thermal conductivity of the mortar samples.
The copper plate was used to calibrate the thermocouples as part of the thermal conductivity measuring apparatus before measuring the thermal conductivity of mortar specimens. The test rig was arranged in a vertical alignment with a block of solid copper (5mm thickness with three thermocouples attached to the top and bottom surfaces) was placed on top of the hot plate, the test specimen and another copper block (with two thermocouples attached to the bottom surface). The hot plate was adjusted to 70°C. The mortar specimens were inserted between the two copper plates as shown in Figure 1 . The three thermocouples connected under the bottom copper plate recorded the temperature of the hot plate. The three connected on the top surface of the bottom copper plate recorded the temperature at the interface of the copper plate and the bottom surface of the mortar sample. The two thermocouples connected to the underside of the top copper plate recorded the temperature at the interface of the mortar sample and bottom of the upper copper plate. Average temperatures were recorded for three measurement positions:
1. The underside of the bottom copper plate 2. The top side of the bottom copper plate and the underside of the mortar sample 3. The underside of the top copper plate and the upper surface of the mortar sample
The test rig was encapsulated within an insulating thermoplastic to minimise heat loss from the sides of the sample. All eight thermocouples were connected to a software program (Picolog Recorder) which in turn was connected to the laptop for recording the temperature at the eight points as shown in Figure 1 . Specimens were tested for approximately 5 hours or until there was no more than a 0.2°C temperature change over a 15 minute period.
The known thermal conductivity of the copper plate permitted the calculation of the rate of heat transfer through it and therefore also through the mortar sample, (Q) as Equation [1] 
Pore volume
The calculation of pore volume was achieved by fully saturating the test specimens in a curing tank [24] . Richardson et. al [25] determined specimens to be fully saturated after 72 hours or when the specimen weight changes less than 1 percent by bulk density in a 24-hour period. The sample weight is recorded when fully saturated, at the surface dried state, then specimens are oven dried at 110°C until the weight change is less than 1 percent of bulk density. The weight of each oven dried specimen was recorded, and Equation 3 applied to determine the pore volume percentage of the specimens:
where ρ w is the density of water (0.998g/cm 3 ) at 21°C; m s the mass of saturated specimen (g); m o the mass of oven dried specimen (g); P v the pore volume (percent); and V the volume of the specimen (cm 3 ).
Indirect tensile strength (Brazilian test-ASTM D3967-08)
The Brazilian test is identified as a split-tensile test for the tensile strength of concrete. The Brazilian test is conducted under compression, and thus the fracture process might be different from that in the direct tension test. There is no standard test procedure for the tensile strength of mortar. However, there is a common method for calculating tensile strength through indirect tensile tests. A splitting test can be carried out on a standard cylinder or prism specimen by applying a line load along the vertical diameter. In this test, 100x100x100 mm cubes were used for the indirect test (Brazilian test). A steel rod 10 mm diameter was centred over a layer of wood strip as indicated in Figure 2 as a line load of the cube surface. The indirect tensile strength was calculated according to the Equation [4] :
Where: ITS, indirect tensile strength (MPa) P, applied load (kN) D, diameter of the inside circle tangent of the square of the cube (m) L, length of line load (m)
RESULTS AND DISCUSSION

Physical properties of PCM mortar
Bulk density, density, pore volume percentage, absorption percentage, thermal conductivity and microstructure using a Scanning Electron Microscope (SEM) were studied in this research. Table 4 displays the properties of the mortars.
Bulk density
Bulk density was determined using the standard dry method [26] . The results indicate that all bulk densities decreased when the PCM % increased for all samples. The bulk density of specimens without silica fume were reduced to 88.5, 70.7 and 66.9% relative to the control specimens C100-SF0-PCM0. The use of silica fume decreases the bulk density of mortars containing PCM by a small value as shown in Figure 3 and Table 4 , using SF10%, the relative bulk densities were 87.4, 70.1 and 63.6% where these values with SF50% were 83.1, 65.6 58.9%. It is noted that both PCM and silica fume display a reduction of the bulk density of the mortars.
Density
All specimens were tested by using samples placed on a scaled water container and measuring the increase in water height which represents the volume of mortar solids only without any voids or moistures. The density was determined by dividing the sum of the weight of each ingredient (kg) by the volume of the mortar without pores. The results indicate that PCM in mortar decreases the density. For specimens that do not contain silica fume, the density decreased with PCM% compared to the control mix C100-SF0-PCM0; where it decreased to 90.3, 72.2 and 68,7% for 10, 20 and 30% PCM respectively as represented in Figure 2 and Table 4 . The effect of the silica fume decreases the density for all percentages of PCM where these values were 89.0, 70.0 and 65.7% for SF10% and 82.1, 66.2 and 58.3% for SF50% respectively.
FIGURE 2. Indirect tensile test (Brazilian test).
Water absorption
Water absorption of mixes containing PCM increased with an increasing PCM% as shown in Figure 5 and Table 4 . This correlates with the results of both bulk density and density where pores increase inside the mortars that include PCM; hence water absorption increases for all specimens.
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FIGURE 5. Water absorption of mortars incorporating PCM.
For samples without silica fume, the water absorption was 9.92% for the control mix, and this increased gradually with PCM content until it recorded 20.89% for PCM30%. In addition, silica fume slightly decreases the water absorption as follows: 20.10% for SF10% and 16.25% for SF50% and PCM30%.
Pore volume %
Pore volume % were recorded for all specimens and the results in Table 4 and Figure 6 report that pore volume % increases with PCM%. The pore volume % was 9.3% for the control mix and increased up to 33.0% for PCM30% for the specimens without silica fume. However, silica fume decreased the pore volume of the specimens where it reached to 36.2% for SF50% and PCM 30%. Results of both pore volume percentage and water absorption were recorded. Figure 7 presents the data with regard to the effect of pore volume on the water absorption of the mortar.
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Volume 12, Number 2 FIGURE 7. Relation between pore volume % and Water absorption% of mortars incorporating PCM.
Thermal properties
Thermal conductivity
The results of the thermal conductivity are displayed in Figure 8 . It can be seen that the heat transfer of the mortar specimens incorporating PCM decreases compared to the control mixes thermal conductivity which was 1,25 W/mK. This value was reduced to 0.6 W/mK using PCM30% and SF50%. The relative thermal conductivity percentage of all specimens with different amounts of PCM compared to the control mortar are displayed in Figure 9 which shows that the thermal conductivity of the mortar was reduced for all samples when compared to the control mix. Results indicate that the specimens without silica fume which contained 10, 20 and 30% PCM exhibited relative thermal conductivities of 86.4, 68.8 and 60.0% respectively in comparison to the control mix which was considered to be 100%. Using silica fume also reduced these values of relative thermal conductivities proportionate to the SF%. Adding SF10% to the mortar containing PCM 10, 20 and 30%, gives relative thermal conductivities of 76.0, 64.8 and 57.6% respectively in comparison to the control mix. Adding SF50% to the mortar containing PCM 10, 20 and 30% gives relative thermal conductivities of 66.4, 56.0 and 48.0% in comparison to the control mix.
Equation [ 2 ] can be used to estimate the Thermal Conductivity of a mortar mix incorporating PCM with SF to within ±2% for SF10 through SF30 and ±10% for SF0 and SF50. 
Scanning Electron Microscope Results
Polished surfaces of all specimen were examined in a scanning electron microscope (SEM, MIRA3 TESCAN 70µm, Northumbria University, Newcastle, UK). The results are displayed in Figures 10, 11 and 12.
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Volume 12, Number 2 FIGURE 10. Control mortar (C100-SF0-PCM0).
FIGURE 11.
Mortar with PCM20% and no SF (C100-SF0-PCM20)-broken particle ringed.
FIGURE 12.
Mortar with PCM20% and SF30% (C40-SF30-PCM20)-broken particle ringed. Figure 10 illustrates the standard mortar particles C100-SF0-PCM0 which exhibited good distribution, homogeneous and bonded particles. Figure 11 displays the mortar with PCM20% but without silica fume C100-SF0-PCM20, which indicates that most of the PCM particles are distributed, closed and bonded to the surrounding particle surfaces of cement. Figure 12 is the image of the mortar structure of the mix which contains PCM20% as Figure 10 but also contains SF30% (C70-SF30-PCM20) which shows the particles of both PCM and SF that seem to be about the same size and shape. The broken particles are evident on the failure surface in Figures 11 and 12 . The reason for the particles breaking is because the PCM has low shear strength and stiffness and some of the PCM particles have failed during the test [27] . This explains, at the micro scale, why the compressive strength of the mortar is reduced when more PCM is combined. It can also be seen from the SEM images that the PCM particles are bonding well with the binder, which explains why the compressive strength of the mortar up to 20% PCM incorporation is acceptable.
Mechanical properties of PCM mortar
Compressive strength, flexural strength and direct tensile strength tests were performed on the mortar specimens in order to study the effect of PCM. These are of particular interest given the conflicting results from previous studies [28 and 29] . Figure 13 displays the results of the relative compressive strengths at 28 days' age of all mixes. The control mix C100-SF0-PCM0 is used as the reference value. Figure 13 illustrates that specimens containing PCM display a reduced compressive strength. This was dependent upon the amount of PCM% added to the specimens. Specimens without silica fume recorded 71.24, 45.23 and 16.82% relative compressive strength for mortars containing 10, 20 and 30% PCM. All samples display improved compressive strength with the use of silica fume up to 30%, but the optimal silica fume was about 20%. The relative strengths increased and were recorded as 114.55, 81.65 and 57.16% respectively.
Compressive strength
Flexural strength
Flexural strength for mortar specimens was carried out on a standard prism (40x40x160 mm). The results shown in Table 4 and Figure 14 indicates that the flexural strength declines with increasing PCM%. Silica fume was beneficial up to 10% but at more than this percentage the flexural strength is less than mixes without silica fume and reduces proportionately to the %SF added. The flexural strength for specimens without silica fume decreased from 3.50 to 1.66 MPa when increasing PCM% from 0 to 30%. Adding silica fume at the optimal rate of 10% improved the flexural strength performance to 3.60 and 1.75 MPa when PCM% was added by 0 and 30%.The percentage of flexural strength relative to compressive strength ranges between (12.3-38.6%) for specimens without silica fume and is directly proportional with the PCM%. When silica fume is added this variable ranges between (10.4-26.7%), (9.4-26.6%), (9.4-28.2%) and (11.6-36.6%) for specimens with SF% 10, 20, 30 and 50% respectively and again is directly proportion with the PCM%.
BS EN 1015-11:1999 was used to calculate the Flexural Strength of a mortar mix incorporating PCM with SF to within ±6% for SF10 through SF30 and ±16% for SF0 and SF50. 
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Indirect tensile strength
The indirect tensile strength of the specimens indicates one of the most important mechanical properties of the mortar. Cubes of dimensions 100x100x100 mm were prepared to measure the indirect tensile strength (Brazilian test). Table 4 and Figure 15 show the effect of PCM% on the indirect tensile strength where degradation of the tensile strength was noted for all specimens. For samples without silica fume (SF0%), the strength decreases from 2.65 to 0.75 MPa when increasing PCM up to 30%. Adding SF, up to 30%, did improve the tensile strength at all PCM concentrations with SF20% being optimal. At SF50% the tensile strength was less than the samples without any silica fume. With PCM0% the relative tensile strength to compressive strength improves slightly by adding silica fume (9.3, 7.8, 8.0, 8.3 and 10.2% for SF% 0, 10, 20, 30 and 50% respectively).
Equation [4] can be used to estimate the Tensile Strength of a mortar mix incorporating PCM with SF to within ±6% for SF0 through SF30. 
The role of Silica Fume
This study has demonstrated that Silica Fume improves the mechanical properties of mortar, including those incorporating PCM. The main mechanism for this improvement is summarised by Siddique and Chahal [5] as an increased bonding of the hydrated cement matrix with the sand thus increasing the strength. The extreme fineness of the SF also reduces voids within the mortar mix, reduces the air content and makes it a very reactive pozzolanic material. Appa Rao [6] provides additional detail regarding the pozzolanic reaction and explains that the SF reacts with the calcium hydroxide created by the hydrolysis of Portland cement to produce additional calcium silicate and thus improve the performance of the mortar.
CONCLUSIONS
The effect of the incorporation of PCM and SF additives in mortars, when used as a plastered wall coating, was considered. The introduction of a phase change material (PCM) was assessed for mortars prepared with different percentages of silica fume and the PCM selected was composed of spherical aggregates with an average size of 17-20 µm. The mortars were evaluated for thermal efficiency using a thermal conductivity test. The mixtures with PCM have a lower thermal conductivity compared to the reference mortar, and the reduction is proportionate to the percentage of PCM added. From this research, the following conclusions can be drawn:
1. Using phase change materials in mortar needs careful handling, dry mixing and water addition to maintain the consistency of the mix, it also consumes large volumes of water. 2. Compressive strength of the mortar, with phase change materials (10, 20 and 30%) and without silica fume was about 71, 45 and 17% compared to the control mix, however, mixes up to PCM20%, were within Class IV (> 6) according to BS EN 998-1:2016 and those with PCM30% were within Class III (3.5-7.5). 3. Adding up to 20% silica fume to the mortar with PCM increased the relative compressive strength, and all of the mixes were within Class IV. The addition of more than SF20% decreases the compressive strength. 4. The flexural strength of the mortar incorporating PCM decreased from 3.50 MPa to 1.65 MPa when adding PCM. However, the addition of SF10% improved the results and returned the optimal flexural strength. 5. The indirect tensile strength of the mortar decreased from 2.65 MPa to 0.50 MPa when adding PCM 0-30% however, adding SF20% was the best ratio for tensile strength enhancement of the mortar with PCM. 6. The optimal SF addition rate to improve the compressive and tensile strength of mortar with any PCM% is 20%, however, for optimal flexural strength, SF10% was ideal. 7. Bulk density and density of the PCM mortar decreased when related to the control specimen. The bulk density and density of the control specimen were 1807 and 1880 kg/ m 3 . These values were reduced to 1064 and 1110 kg/m 3 using PCM30% and SF50%. 8. Water absorption of PCM mortar increased from 9% for the control mix to 21% using PCM30%. This was without silica fume however; silica fume can reduce the water absorption from 21% to 16% if it is used at a rate of 50% (SF50%). The pore volume follows the same trend of the water absorption where the pore volume percentage increased with PCM and silica fume reduced the pore volume for all mixes with PCM. 9. The thermal conductivity of the PCM mortar and silica fume was 48% when compared to the thermal conductivity of the control mix which was 60% where no silica fume was used.
In conclusion, this research has shown that an optimal addition of PCM and silica fume can improve the physical and thermal performance of the mortar. This paper refines previous research work to define optimal performance and to enable a more environmentally friendly product that has energy saving potential to lower building CO 2 emissions.
